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Abstract 
Experiments on low-velocity impacts of hollow cylindrical Al-6061 projectiles on thin Al-6061 plates are modelled using smooth 
particle hydrodynamics technique using Johnson-Cook and Bao-Wierzbicki damage models. At 65 m/s, the projectile dents the 
target plate while at 85 m/s, the target is perforated. The dent profile is adequately represented in the simulations except that the 
central dent is underestimated by ~10%. The numerical procedure allows for a well-defined demarcation of shear and tensile 
damage by the degree of triaxiality and the simulations at 85 m/s show that the tensile damage exists over a greater spread in the 
target plate and has a magnitude an order greater than the shear damage. Hence, the tensile damage and thus JC damage model 
would adequately describe the low-velocity impact of Al-6061 projectiles on thin Al-6061 plates.  
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1. Introduction 
 Experiments on the projectile impact and penetration of thin Al-6061 plates have been conducted at CAD 
with a view of elucidating fracture properties of this material.  Hollow cylindrical projectiles, of same Al-6061 alloy, 
after being accelerated using a locally developed electromagnetic launcher strike clamped alumnium-6061 plates of 
1 mm thickness.  The target plate is perforated at sufficiently high impact velocity.   
 Explicit modelling of projectile impact onto targets requires specification of material model for both 
projectile and target. Material model includes an equation of state (EOS), a model for dynamic strength and a failure 
model. For metals, the EOS and the dynamic strength models are fairly standardized but there is still a lot of active 
research being carried out for appropriate and better failure/fracture models for metals in different situations and 
parameter ranges. 
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 Comparison of fracture criteria in projectile impact has been made in [1,2]. De et al evaluated Johnson-
Cook and modified Cockcroft-Latham fracture models in the impact of steel projectiles onto steel plates at 170-400 
m/s and found that the both gave equally acceptable results [1].  Teng and Wierzbicki [2] compared six different 
ductile fracture models as applied to the impact of steel projectiles onto steel and aluminium alloys at 70-400 m/s. 
They found that only the Johnson-Cook (JC) and Bao-Wierzbicki (BW) fracture models could predict realistic 
fracture patterns and the correct residual velocities.  
 The JC damage model is calibrated using tensile tests on smooth and notched specimens and thus the 
calibration accesses the positive values of triaxiality only (the triaxiality being the ratio of mean stress to equivalent 
stress, Ș=ım/ıeq. ). The fracture locus is then extrapolated to negative triaxialities.   Later, experiments were done to 
access the negative triaxialities and directly measure the fracture locus [3]. It was found that for some materials at 
least, the fracture locus does not monotonically increase with decreasing triaxiality. For the state of tension, has 
positive mean stress and thus positive triaxiality. The state of pure shear has zero triaxiality while the states of 
compression have negative triaxiality.   
 Shear fracture manifests itself as spiral cracks on the lateral surface on the Taylor impact tests of 2024-
T351 aluminium cylinders at 240 m/s [4]. The shear fracture is more common in less ductile materials since it is 
associated with lowering of the fracture strength in a certain range of triaxiality. It was not seen in the Taylor tests 
made with Waldox 460 E steel even at 600 m/s that failed with tensile petalling [4].  
 
 Simulations of low-velocity impact may be more sensitive to details of materials models, especially 
damage models. In the present work, therefore, we compare experimental data from low-velocity impact of Al-6061 
projectiles on 1 mm thick Al-606plates at 65 m/s and 85 m/s, with simulations that use two different fracture 
models, viz. the Johnson-Cook and Bao-Wierzbicki.  The experimental setup is described in the Sec.2. The 
simulations are carried out using the meshless Smooth Particle Hydrodynamics (SPH) technique that is described in 
the Sec.3. The experimental and simulation data are compared in Sec.4. The concluding remarks follow in Sec.5. 
2. Experimental Set-Up 
 The experimental facility has an induction coil launcher driving a cylindrical hollow aluminium projectile 
on to a target [5]. Pulsed power sources, based on capacitor banks upto 11kJ have been used to drive pulsed currents 
(60 kA peak) through the coil. Cylindrical hollow aluminium projectiles of fixed outer diameter, but having different 
masses, are placed in the bore of the coil to be used as projectiles. The energy, time period and currents are user 
defined and variable. A careful choice of these parameters determines the velocity of the projectile. The projectile 
velocity is measured using the time-of-flight measurement method. A laser-photodiode combination is placed in the 
path of the projectile. As the projectile intercepts the laser signal, a photodiode pulse is generated that gives the 
period of interception; for a given length of projectile the velocity can be thereby obtained. Separate horizontal and 
vertical lasers and detectors have been employed to rule out any uncertainty due to toppling or sideways motion of 
the projectile. The velocity is further confirmed with absolute measurements from a ballistic pendulum. 
Reproducible velocities of the order of 5-130 m/s have been successfully achieved with projectiles of masses 18-60 
gm.  
 
Fig. 1: The Hollow Projectile used in this work 
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In this work, Al-6061 (T6 grade) target plates of dimensions 13 cm x 13 cm have been mounted at a distance of 1 
cm from the projectile and perpendicular to its path. Al- 6061 projectiles of dimensions 2.5 cm (length)x 2.4 cm 
(diameter) and having 0.6 cm thickness were used for the present set of experiments (Fig.1).  Projectile mass is 22.5 
g. Indentation after the impact is measured with a digital depth gauge over a grid with a spatial resolution of 0.4 cm. 
 
3. Simulation 
 The simulations are carried out using Smooth Particle Hydrodynamics (SPH) technique. SPH is a meshless 
hydrodynamical method that is useful for modelling of fast deformation events; since there the mesh-based 
techniques have trouble with mesh self-entanglement, and require complex re-meshing procedures to deal with the 
problem. In SPH, the continuum fields such as velocities, pressure, local density, temperature and stresses are 
carried by a set of moving, interacting nodes; and the node-node interactions are derived from the continuum 
equations through interpolation and discretization. The details may be obtained from our earlier publication [6].   A 
total of 333960 SPH nodes are used including 26936 in the projectile.  The initial placement can be seen in Fig.2. 
 
Figure 2: The initial placement of SPH nodes. The target is shown by green nodes while the projectile is shown by 
red nodes. Impact is along horizontal axis 
3.1 Material Model for the Projectile and the Target 
The projectile and target are both composed of aluminium T6- 6061 alloy. The material model consists of  an EOS, 
a dynamic strength model and a failure model [7].   A Mie-Gruneisen EOS has been used along with Johnson-Cook 
strength model. The equations along with the required parameters have been obtained from [8]. 
 
The material model is completed with the prescription of a failure   model. A damage variable D is introduced and 
evolved such that a node is said to be entirely damaged or fractured when D=1.  The D, calculated as an incremental 
sum over timesteps, is ratio between current  plastic strain at a  node (İp) to the current plastic strain to fracture İf: 
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where the sum is taken over the timesteps n. The failure model   specifies İf as a function of triaxiality, Ș=ım/ıeq 
Two different damage models are explored here (Fig.3 on left), the Johnson-Cook (JC) and Bao-Wierzbicki (BW) 
fracture models.  
Figure 3: The JC and BW fracture loci showing shear cracking and void growth regions
 
Figure 4: The projectile and target configuration for 65 m/s impact with BW model at 250 ȝs post-impact.  Projectile 
nodes are red and the target nodes are green 
 
The parameters of the JC model for Al-6061 alloy have been obtained from [8]. The fracture locus is defined in the 
Ș- İf plane while ignoring the strain-rate and temperature dependence. Since, we are interested in the possible shear 
effects in the fracture, we are justified in ignoring the rate and temperature dependence and focussing our attention 
onto the triaxiality-dependent term alone.  In any case, the strain-rate parameter D4=0 for Al-6061 [8] and 
temperature rise is too small at low-velocity impacts to significantly affect the fracture strain. 
 
 The second model is the fracture locus of Bao and Wierzbicki (BW) and is given as a plot (see Fig. 3 
adapted from Fig. 6 of [4] ).  Following Shim et al [10] the fracture strain of Al-6061 is obtained by multiplying the 
fracture strain of Al-2024 by 1.29  owing to the lack of comprehensive experimental data for Al-6061 in shear-
dominated zone; 1.29 being the ratio of uniaxial tensile fracture strains of Al-6061 and Al-2024 [10]. The main 
difference with the Johnson-Cook fracture locus is that a cut-off is introduced for the negative stress triaxiality at -
1/3. The cut-off accounts for the rapid increase in the ductility of materials under compression [4]. The Johnson- 
Cook fracture criteria developed from tensile tests and extrapolation was made to the range in which compression 
and shear are dominant. The second difference between JC and BW fracture models is that for 0<Ș<1/3, the failure 
strain increases with Ș for BW fracture model while it decreases for JC fracture model.
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4. Results 
 The results are presented for the SPH simulations using Johnson-Cook (JC) and Bao-Wierzbicki (BW) 
damage models. First, the strength model is validated through the dent profile obtained in an impact experiment 
conducted at 65 m/s. The dent profile, that is the depth of denting as a function of radial distance from the centre of 
target plate, is experimentally measured at successive points. Since there is no fracture, the choice of fracture model 
should not matter and the comparison thus tests the strength model. The output configuration from run using BW 
model is shown in Fig.4. The Fig. 5 shows numerical and experimental dent profiles. As expected, the dent profile is 
indifferent to the choice of damage model employed. The numerical results agree well with the experimental though 
the central dent is underestimated by ~ 10%.  Thus, distortion of the outer part of the plate is insensitive to the 
details of the material model.   
Figure 5: The experimental dent profile compared with numerical dent profile, obtained via JC and BW models resp. 
At 85 m/s, the target perforation is observed experimentally (Fig.6).  Target perforation is numerically obtained 
using both BW and JC models (Fig.7 shows resulting configuration using BW model).   

 
 
 
Figure 7: The projectile and target configuration
for 85 m/s impact with BW model at 200 ȝs post-
impact.  Projectile nodes are red and the target
nodes are green. 
 
Figure 6: Experimental picture of the
target perforation produced at 85 m/s
impact. 
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 Figs. 8 and 9 provide a more detailed view of the impact at 85 m/s using BW and JC resp.  in the shoulder 
region of the target plate  (defined by the condition 1.0R1.3 cm) at 60 ȝs post-impact.  Incipient fracture can be 
seen at R~1 cm along with thinning of the target plate. It is seen that the damage is concentrated at R~1 cm. The 
figures show shear and tensile damage separately. The two types of damages are distinguished by the local triaxiality 
values: a nodal damage increment is assigned to shear damage (Dsh) when the nodal triaxiality is less than 0.4 and 
to tensile damage (Dt
 
) if otherwise. The tensile damage clearly exceeds shear damage in extent.   



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

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
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The time series (not shown here) of the relative magnitudes of tensile and shear damage in the shoulder region of 
target plate shows that the tensile damage increment is generally an order of magnitude greater than the shear 
damage increment in the crucial shoulder region of the target plate. Thus, the 1 mm thick Al-6061 target plate suffers 
a fracture predominately tensile in the impact at 85 m/s. 
 



 
 
 
5. Conclusions 
 We report experiments and modelling of the low-velocity impacts of hollow cylindrical Al-6061 projectiles 
on thin Al-6061 plates. The projectile mass is 22.5 g and the target plates are 1 mm thick and 13 cm by 13 cm. The 
outer and the inner diameter of the projectile are 2.4 cm and 1.1 cm respectively. The projectile is accelerated using 
an electromagnetic coil launcher.  Experimentally, the projectile dents the target plate at 65 m/s, while at 85 m/s, 
target perforation is observed. The depth of denting is measured in the target plate and a denting profile is built.  The 
simulations are carried out using SPH technique with a Mie-Gruneisen equation of state and Johnson-Cook dynamic 
strength model. A failure model is required to complete material description and we employ and compare two 
different failure models, viz. Johnson-Cook (JC) and Bao-Wierzbicki (BW). The simulations are performed with 
333960 nodes with inter-node spacing in the target as 0.033 cm and 0.016 cm in the projectile. The runs produce a 
denting profile that is relatively insensitive to the damage model employed, especially in the outer part of the target 
 
Figure 8: Distribution of shear (left) and tensile damage obtained from runs 
using BW model at 85 m/s. The shoulder region of the target is shown. Red nodes
show D<0.25; green show 0.25<D<0.5; blue show 0.5<D<0.75 and crimson 
show D>0.75. Shown at 60 ȝs post-impact. The impact is along horizontal
direction. The horizontal and vertical axes show Z and R coordinates resp (in 
cm).  
Figure 9: Distribution of shear (left) and tensile damage obtained from runs using JC
model at 85 m/s. The shoulder region of the target is shown. Red nodes show D<0.25;
green show 0.25<D<0.5; blue show 0.5<D<0.75 and crimson show D>0.75. Shown at
60 ȝs post-impact.The impact is along horizontal direction. The horizontal and vertical
axes show Z and R coordinates resp (in cm).  
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plate. The centre dent is underestimated by 11% by BW model; 13% by JC model. The outer part is well-reproduced 
numerically.  
 
 The perforations produced at impact at 85 m/s are reproduced with JC and BW models. The exit velocity of 
the projectiles is not measured experimentally.  The BW model is more sophisticated than JC model in that it 
accounts for both tensile damage and shear damage while the JC model is calibrated using tensile tests using smooth 
and notched specimens. Thus, these experiments and corresponding simulations provide an opportunity to 
investigate the possibility of shear fracture in the low-velocity impacts. The numerical procedure allows for a 
demarcation of shear and tensile damage by stress triaxiality--the shear damage is said to occur for triaxiality less 
than 0.4 and tensile damage for triaxiality greater than 0.4. The simulations at 85 m/s show that the tensile damage 
exists over a greater spread in the target plate and has a magnitude an order greater than the shear damage. Hence, 
the tensile damage and thus JC damage model adequately describes the low-velocity impact of Al-6061 projectiles 
on thin Al-6061 plates. 
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